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A B S T R A C T   

Over the last few decades, supercritical fluid extraction process has greatly assisted the search for more medicinal 
and therapeutic properties of bioactive compounds from an extensive range of botanical matrices. The yield of 
supercritical fluid extraction is often limited by the solubility of a targeted solute in the solvent and thus 
knowledge on solubility has become one of the fundamental variables of interest in the extraction process. 
However, the studies to evaluate the performance of density-based empirical models in estimating the solubility 
of different drug- and plant-based bioactive compounds were scarce. Therefore, this study aimed to gather the 
solubility data of 33 drugs and 40 plant-based bioactive compounds at varying temperatures and pressures and 
correlated them with 26 most widely used density-based models. The solubility data were critically analysed and 
reported from two perspectives: well-studied solubility-influencing factors such as pressure, temperature, and 
additional influencing factors what o such as molecular structure and weight. Then, a thorough evaluation of the 
existing empirical solubility models involving 26 predictive models for 73 bioactive compounds was performed. 
From the results and findings, it was evident that the 8-parameter Belghait et al. model showed the overall 
highest accuracies indicated by the lowest absolute average relative deviation of 7.42 %, 10.16 %, and 6.57 %, 
respectively for all bioactive compounds, drug-based bioactive compounds, and plant-based bioactive com-
pounds. Belghait et al. model is also superior since its predictive performances are the best for 54 % of the 
bioactive compounds studied. Meanwhile, Kumar and Johnston’s, Sung and Shim’s, and Sodeifian et al’s models 
demonstrated the best solubility predictions for 3-, 4-, and 6-parameter empirical models, respectively, for both 
plant and drug-based compounds. As the effects of pressure and temperature on solubility have widely 
acknowledged, this study also highlights the influence of molecular structure complexity on solubility. The main 
findings from this comparative evaluation proved that density-based models are efficacious in predicting solu-
bility of both plant and drug-based bioactive compounds.   

1. Introduction 

Conventional extraction techniques such as hydrodistillation, steam 
distillation, and Soxhlet extraction can be engaged to obtain targeted 
compounds from the plant materials albeit the associated disadvantages 
[32]. In finding a greener alternative to the conventional processes, 
research and development work related to the Supercritical Fluid 
Extraction (SFE) technology is gaining recognition by industrial players 

[33]. Unlike conventional extraction processes, SFE processes require a 
supercritical solvent obtained by heating and pressurizing the fluid 
beyond its critical point. Fluids at supercritical conditions typically 
exhibit properties of both liquid and gas, has density capable of dis-
solving a solute, and possess a low viscosity to facilitate more rapid mass 
transfer. The low operating temperature used in the supercritical fluid 
technologies (SFT) is the major advantage and the underlying reason 
that prevents thermal decomposition of heat-sensitive compounds 
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extracted if compared to the classical extraction methods [51,62]. The 
wide usage of supercritical carbon dioxide (SC–CO2) in SFT is owing to 
its various features such as environmentally-friendly, generally recog-
nized as safe solvent, its moderate critical temperature and pressure 
(304 K and 73.7 bar, respectively), offers high selectivity, and is easily 
attainable [3,95]. 

It is imperative to understand the solubility behavior of a solute in 
supercritical systems in order to scale up the SFE facilities, evaluate the 
process effectiveness, and carry out the process optimization and feasi-
bility studies [10,59,108]. This is simply due to the fact that the 
extraction rate and yield of a solute is limited by its solubility in any 
given supercritical fluid [107]. In other words, a solute that possesses a 
good solubility in supercritical fluid expedites extraction and therefore 
reduces the experimental time [10]. A large majority of the published 
literatures focus on extraction studies, while less are targeted towards 
solubility studies and their modeling due to their greater complexity. 
Although solute solubility data can be experimentally measured at 
different temperatures and pressures, it is often difficult, expensive and 
time consuming [52]. As such, modeling tools in the form of empirical 
equation (density-based models) and thermodynamic equation of state 
(EOS) have been developed to correlate and predict solubility data 
especially at higher pressures and temperatures. This study aims to 
comprehensively report and critically evaluate 26 existing empirical 
models using the solubility data of 33 drugs and 40 plant-derived 
bioactive compounds. 

2. Classification of solubility-predictive models 

An overview of some commonly adopted solubility-predictive 
models is shown in Fig. 1. From Fig. 1, the solubility models are typi-
cally categorized into empirical, and thermodynamic models, both of 
which are computed numerically. Nevertheless, the empirical equations 
are often the preferred choices due to their simplicity, accuracy, and 
their applicability to various types of compounds [52,80]; with the 
Chrastil Model being one of the pioneer models developed [95]. The 
simplicity of empirical models is owed to the use of only three 
solvent-independent variables (pressure, temperature, and density) in 
computing the solubility and the associated equation coefficients are 
easily attained by carrying out multiple regression of available data 
[95]. To date, the empirical equation with the most number of param-
eters is an 8-parameter model developed by Belghait et al. [12]. Liter-
ature review proves that many models are proposed over the years by 
modifying the existing models to strive for higher accuracy in predicted 
data. 

Conversely, although the thermodynamic EOSs coupled with various 
mixing rules are also widely utilized, they are often less favorable due to 
the high equation complexity and the need for numerous critical and 
physicochemical data. These data such as fugacity, molar, volume, 
sublimation pressure, critical temperature and pressure, acentric factor, 
and vapor pressure are often less readily available [60]. The recent 
example of the use of thermodynamic EOSs coupled with various mixing 
rules can be found from the work of Abadian et al. [1]. As most critical 
and physicochemical data are temperature dependent and cannot be 

Fig. 1. An overview on the solubility modeling tools.  
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determined experimentally, appropriate equations and group contribu-
tion methods are to be carefully selected to compute these data [12,74]. 
Group contribution methods include the Ambrose Walton method for 
calculation of the sublimation pressure [82], Stein-Brown method to 
calculate the critical temperature [87], as well as Marrero and Ghani 
method to estimate the critical pressure [85]. Some of the commonly 
used EOSs are Peng- Robinson (PR-EOS) and Soave-Redlich-Kwong 
(SRK-EOS) coupled with Van der Waals mixing rules [93]. 

Although both categories of solubility models are commonly utilized, 
the main focus of this study is directed towards the performance of 
empirical models in correlating the solubility data of both plant and 
drug-based compounds. To the best of our knowledge, limited studies 

have been performed to evaluate the performance of density-based 
models on different categories of compounds. One of the few excellent 
reviews was carried out by Antonie and Pereira [8] in correlating the 
solubility data using four density-based models. Nonetheless, a 
comprehensive review on the performance of 26 existing models in 
correlating data of both plant and drug-based bioactive compound has 
not been performed. Hence, the objective of this study is to compile the 
solubility data of 73 bioactive substances consisting of the plants and 
drug compounds. Subsequently, the performance of 26 empirical models 
in predicting the solubility of the bioactive substances in binary mixtures 
(solute+SC–CO2) are evaluated accordingly. 

2.1. Density-based empirical models 

A total of 26 empirical models were employed to correlate the sol-
ubility of 73 bioactive compounds (33 drugs and 40 plants) in SC–CO2 
after which their performances were assessed based on the computed 
absolute average relative deviation (AARD). These 73 bioactive com-
pounds selected for this study are common drug- and plant-based 
bioactive compounds. Besides, as mentioned, less work was performed 
on the solubility studies, thus the solubility data in binary SC–CO2 
system might not be readily available for some bioactive compounds. 
These 73 bioactive compounds were chosen as their solubility data was 
completely available at diverse operating conditions (pressure and 
temperature). Majority of the solubility data used in this study were 
compiled from the publications in the last decade. Unlike other solubi-
lity modeling studies, the bioactive compounds considered in this study 
is not only limited to drugs but also plant-based bioactive compounds. 

The 26 models can be sub-classified according to the number of 
parameters present in the equation (3, 4, 5, 6, and 8-parameter models). 
Table 1 shows 26 equations found in literature that are arranged in 
chronological order of its introduction for solubility measurement. As 
presented in Table 1, y1 represents the solubility mole fraction of a 
bioactive compound, ρ represents the density of the supercritical fluid at 
a given operating condition in cubic metres (kg/m3), T represents the 
temperature in Kelvin (K), while P represents the pressure in Mega 
Pascal (MPa). 

Adjusted parameters a - h of all the 26 density-based models were 
obtained by regressing the experimental solubility data of individual 
bioactive compound compiled from its corresponding literature. This 
was carried out using the solver feature of Microsoft Excel’s Regression 
function under the Data Analysis tool pack. The squared difference be-
tween the literature experimental data and the predicted solubility from 
the models was selected using the least squares regression method 

Table 1 
Equations of density-based models used in this study.  

Empirical Model Equation 

Chrastil Equation [16] lnS = klnρ1 +
a
T
+ b (1) 

Adachi and Lu [2] lnS = klnρ +
a
T
+ b, where k = (e0 +

e1ρ + e2ρ2)

(16) 

Del Valle and Aguilera  
[22] 

lnS = klnρ1 +
a
T
+

b
T2 + c (7) 

Mendez-Santiago and Teja  
[73] 

Tln(y2P) = a+ bρ1 + cT (2) 

Bartle et al. [11] 
ln
(

S.
P

Pref

)

= k(ρ − ρref )+
a
T
+ b 

(3) 

Kumar and Johnston  
[46] 

lnS = a+
b
T
+ cρ (5) 

Jiang et al. [8] 
lnS = aρ+ b

T
+ clnP+ d (8) 

Sung and Shim et al.  
[73] lnS =

(
a +

b
T

)

lnρ+ c
T
+ d 

(9) 

Gordillo et al. [29] ln(y2) = a+ bP+ cP2 + dPT+ eT+

fT2 
(20) 

Jouyban et al.  
[42] 

ln(y2) = a+ bP+ cP2 + dPT+ e
T
P
+

flnρ 

(22) 

Garlapati and Madras  
[27] 

ln(y2) = klnρ1T+
a
T
+ b (4) 

Garlapati and Madras (II)  
[28] 

ln(y2) = a+ blnρ+ cρlnρ+ d
T
+ elnρT (14) 

Sparks et al.  
[96] 

ln(y2) = (e0 + e1ρ + e2ρ2)lnρ1 +
a
T
+

b
T2 + c 

(23) 

Ch and Madras [73] ln(y2) = (d − 1)ln
P
P∗

+
a
T
+ bρ1 + c (10) 

Bian et al. [13] 
ln(y2) = (e0 + e1ρ)lnρ1 +

aρ
T
+

b
T
+ c (15) 

Modified Chrastil Model (1)  
[97] 

ln(y2) = alnρ+

bρlnρ+ c
T
+

d
T

ρ+ e 

(15a) 

Li et al. [73] 
ln(y2) = kln(ρ1T) + aρ1 +

b
T
+ c (11) 

Nejad et al. [60] ln(y2) = a+ bP2 + cT2 + dlnρ (12) 
Hozhabr et al.  

[35] 
ln(y2) = a+

b
T
+

cρ
T
− dlnP (13) 

Keshmiri et al. 
( [13,44] 

ln(y2) = a+
b
T
+ cP2 +

(
d +

e
T

)
lnρ1 

(17) 

Khansary et al.  
[9] ln(y2) =

a
T
+ bP+ c

P2

T
+ dlnρ1 +

ePlnρ1 

(18) 

Modified Chrastil Model (2)  
[7] 

ln(y2) = alnρ+ b
ρ lnρ+

c
ρ
T
+ d 

(6) 

Moussa et al. [77] ln(y2) = a+ bρ+ cρ2 + dρT+ e
T
ρ +

flnρ 

(24) 

Belghait et al. [12] ln(y2) = a+ bρ+ cρ2 + dρT+ eT+

fT2 + glnρ+ h/T 
(25) 

Sodeifian et al.  
[87] ln(y2) = a+

bP2

T
+ clnρT+ d(ρ(lnρ))+

ePlnT+ f
lnρ
T 

(19) 

Tippana-Garlapati [83] y2 = (a + bPr + cP2
r )T2

r + (d + ePr +

fP2
r )

(21)  

Table 2 
Density-based empirical models categorized according to the number of 
parameters  

No. of 
parameters 

Density-based model No. of 
parameters 

Density-based 
model 

3 Chrastil Model 5 Adachi and Lu 
(AL) 

3 Mendez-Santiago & 
Teja (MST) 

5 Garlapati & 
Madras II 

3 Bartle Equation 5 Bian et al. 
3 Kumar and Johnston 

(KJ) 
5 Keshmiri et al. 

3 Garlapati & Madras (I) 5 Khansary et al. 
4 Del Valle and Aguilera 

(DVA) 
6 Modified Chrastil 

(1) 
4 Modified Chrastil (2) 6 Gordillo et al. 
4 Jiang et al. 6 Jouyban et al. 
4 Sung and Shim (SS) 6 Sparks et al. 
4 Ch and Madras (Ch-M) 6 Sodeifian et al. 
4 Li et al. 6 Tippana- 

Garlapati 
4 Nejad et al. 6 Moussa et al. 
4 Hozhabr et al. 8 Belghait et al.  
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combined with the solver function of Microsoft Excel. The solver func-
tion would determine the values of those adjusted parameters when the 
squared sums for each iteration were at their minimum. 

As noticed from Table 1, when presented in chronological order, it is 
evident that the density-based models developed in the recent years no 
longer incorporate pressure in the equations as they tend to result in 
poor correlation of the solubility data [12]. Table 2 shows the 
density-based models categorized according to their number of model 
parameters. 

A study conducted by many researchers have concluded that models 
with greater number of parameters result in higher accuracy [12,26,79]. 
Therefore, this work also aims to evaluate the performance of the 26 

Table 3 
Solubility data of drug-based bioactive compounds in binary SC-CO2 system.  

No. Extracted product Temperature 
(K) 

Pressure 
(MPa) 

Solubility (mol/ 
mol) 
min max 

1 Atropinea 308 - 348 12.2 - 
35.5 

6.00 
×

10− 5 

1.67 
×

10− 3 

2 Codeinea 308 - 348 12.2 - 
35.5 

4.00 
×

10− 5 

1.23 
×

10− 3 

3 Tridodecylamineb 308 - 328 8.0 - 40.0 8.00 
×

10− 5 

1.13 
×

10− 2 

4 Cefuroxime Axetilc 308 - 328 8.0 - 25.0 2.20 
×

10− 7 

1.12 
×

10− 5 

5 Warfarind 308.2 - 328.2 10.0 - 
18.0 

1.08 
×

10− 6 

5.39 
×

10− 6 

6 Aprepitante 308.15 - 
338.15 

12.0 - 
33.0 

4.50 
×

10− 6 

7.67 
×

10− 5 

7 Loratadinef 308.15 - 
338.15 

12.0 - 
27.0 

4.50 
×

10− 6 

1.30 
×

10− 3 

8 Aspiring 298.2 - 353.2 7.5 - 35.0 1.95 
×

10− 5 

1.99 
×

10− 2 

9 Letrozoleh 318.2 - 348.2 12.0 - 
36.0 

1.60 
×

10− 6 

8.51 
×

10− 5 

10 Amiodarone 
Hydrochloride (AMH)i 

313.2 - 343.2 12.0 - 
30.0 

2.51 
×

10− 5 

1.01 
×

10− 3 

11 Benzamidej 308.15 - 
328.15 

11.0 - 
21.0 

1.91 
×

10− 5 

1.61 
×

10− 4 

12 Ketoprofenk 308.15 – 
338.15 

16.0 - 
40.0 

2.21 
×

10− 5 

7.12 
×

10− 4 

13 Diclofenac Acidl 308.15 - 
338.15 

12.0 - 
40.0 

2.34 
×

10− 5 

1.98 
×

10− 3 

14 Gabapentinm 308 - 338 16.0 – 
40.0 

8.97 
×

10− 5 

7.36 
×

10− 3 

15 Niflumic acidn 313.2 - 353.2 19.0 - 
31.0 

7.10 
×

10− 6 

2.09 
×

10− 5 

16 d-Pinitolo 313.15 - 
333.15 

10.0 - 
40.0 

5.65 
×

10− 6 

8.32 
×

10− 4 

17 Imatinib Mesylatep 308 - 338 12.0 - 
27.0 

1.00 
×

10− 7 

4.41 
×

10− 6 

18 Sorafenib Tosylateq 308 - 338 12.0 - 
27.0 

6.80 
×

10− 7 

1.26 
×

10− 5 

19 Sunitinib Mesylater 308 - 338 12.0 - 
27.0 

5.00 
×

10− 6 

8.56 
×

10− 5 

20 Repaglinide Drugs 308 - 338 12.0 - 
27.0 

2.90 
×

10− 6 

9.52 
×

10− 5 

21 Azathioprinet 308 - 338 12.0 - 
27.0 

2.70 
×

10− 6 

1.83 
×

10− 5 

22 Sodium Valproateu 308 - 338 12.0 - 
27.0 

5.00 
×

10− 7 

3.71 
×

10− 5 

23 Flurbiprofenv 303 - 323 8.9 - 24.5 1.67 
×

10− 5 

1.97 
×

10− 4 

24 Megestrol acetatew 308 - 338 12.2 - 
35.5 

2.90 
×

10− 6 

8.71 
×

10− 5  

Table 3 (continued ) 

No. Extracted product Temperature 
(K) 

Pressure 
(MPa) 

Solubility (mol/ 
mol) 
min max 

25 Esomeprazole (ESM)x 308.2 - 338. 12.0 - 
27.0 

1.10 
×

10− 5 

9.10 
×

10− 4 

26 2,3,5,6- 
Tetrachloropyridiney 

313.2 - 333.2 10.0 - 
24.0 

3.50 
×

10− 4 

1.09 
×

10− 2 

27 Chloropropamidez 313.2 - 353.2 10.0 - 
30.0 

2.29 
×

10− 6 

7.22 
×

10− 5 

28 Tolbutamidez 313.2 - 353.2 10.0 - 
30.0 

1.66 
×

10− 5 

4.05 
×

10− 4 

29 Thioxanthone (T1)z1 308 - 338 12.1 - 
35.4 

1.00 
×

10− 6 

1.58 
×

10− 4 

30 1-hydroxythioxanthone 
(T2) z1 

308 - 338 12.1 - 
35.5 

3.30 
×

10− 5 

4.24 
×

10− 4 

31 3-methylthioxanthone 
(T3) z1 

308 - 338 12.1 - 
35.6 

3.60 
×

10− 5 

3.18 
×

10− 4 

32 1,4-dihydroxy-3-methyl- 
thioxanthone (T4) z1 

308 - 338 12.1 - 
35.7 

2.80 
×

10− 3 

4.31 
×

10− 5 

33 Sertraline Hydrochloride 
z2 

308-338 12 - 30 1.00 
×

10− 6 

9.30 
×

10− 5  

a [101], 
b [43], 
c [63], 
d [17], 
e [93], 
f [89], 
g [36], 
h [34], 
i [94], 
j [50], 
k [71], 
l [104], 
m [76], 
n [99], 
o [14], 
p [87], 
q [88], 
r [86], 
s [84], 
t [85], 
u [90,91], 
v [24], 
w [102], 
x [82], 
y [20], 
z [53], 
z1 [75], 
z2 [92]. 

C.A. Obek et al.                                                                                                                                                                                                                                 



Fluid Phase Equilibria 580 (2024) 114061

5

models found in Table 1 with respect to the number of parameters each 
model contains. The AARD was computed based on Eq. (25) below: 

AARD (%) =

(
100

n

)
∑n

i=1

⃒
⃒yexp − ycalc

⃒
⃒

yexp
(25) 

Where n refers to the number of data points, yexp refers to the 
experimental solubility, and ycalc refers to the calculated solubility using 
the density-based model. 

Fig. 2. Effects of Pressure on Solubility of Benzamide [50].  

Fig. 3. Effect of Temperature on the Solubility of Quinine [103].  

Fig. 4. Molecular structure of Atropine, Codeine, and Megestrol Acetate.  
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3. Results and discussion 

3.1. Solubility-influencing factors 

The solubility data of 73 bioactive compounds, comprising of 
approximately 1500 data points, accompanied by its operating condi-
tions and category were gathered and presented in Tables 3 and 5. 
Solubility of any given solute is mainly governed by the pressure and 
temperature of a supercritical system. Continuous tuning of pressure and 
temperature alters the density and subsequently the solvating power of 
the supercritical solvent. At isothermal conditions, a rise in pressure 
enhances the solubility as seen in most supercritical systems [5,6,26,39, 
50]. Fig. 2 is a clear depiction of how pressure distinctly influences 
solubility of a given bioactive compound at three different temperatures 
(308.15 K, 318.15 K, 328.15 K). 

However, variation in the operating temperature demands a more 
sophisticated evaluation as it depends on whether the effects of solute 
vapor pressure or density is more prevalent. Consequently, a phenom-
enon known as retrogradation exists alongside a crossover pressure 
point and is valid for most supercritical systems [5,19,45,103]. Tem-
perature increment beyond crossover point boosts solubility, as the 
positive effect of solute vapor pressure is more dominant relative to the 
inverse relationship between pressure and density. Conversely, tem-
perature increment below crossover pressure point gives way to the 

negative effects of density relative to the increasing solute vapor pres-
sure, which results in a decline of the solubility. For example, as por-
trayed in Fig. 3, the crossover pressure is approximately 11.0 MPa. As 
such, for any increase in temperatures beyond 11.0 MPa, the positive 
relationship between solute vapor pressure and temperature promotes 
solubility. On the contrary, temperature rise below 11.0 MPa leads to a 
reduction in solubility due to a decreasing density. 

Besides temperature and pressure, the complexity in the molecular 
structure of the compound is also an additional factor that governs the 
solubility of a bioactive compound. A quantitative comparison carried 
out on the solubility of the bioactive compounds at approximately 328 K 
and 24 MPa resulted in a hypothetical conclusion that a solute with 
greater complexity lowers its solubility in supercritical systems. 
Furthermore, when a solubility comparison was made between Atro-
pine, Codeine, and Megestrol Acetate at 328 K and 24.3 MPa, Atropine, 
which has the lowest molecular weight and complexity, reported the 
highest solubility, followed by codeine, and Megestrol acetate [101, 
102]. As illustrated in Fig. 4, Atropine possesses only 1 Benzene ring, 
Codeine has 1 Benzene ring and 3 cyclic groups, whereas Megestrol 
acetate has several polar C=O bonds in addition to 4 cyclic rings. Hy-
pothetically, the polarity of supercritical carbon dioxide is insufficient in 
solubilizing relatively more polar solutes [61]. As a matter of fact, in 
such circumstances, polarity of the solute is also an additional factor that 
influences a solute’s solubility in SFT systems. In studying the solubility 

Table 4 
Solubility of major bioactive compounds at approximately 348 K and 25 MPa  

Molecular Structure Solubility Details 

Imatinib Mesylate 
Molecular weight = 589.70 g/mol 
Computed complexitya = 799 
Solubility = 1.76 × 10− 6 mol/mol 

Chlorpropamide 
Molecular weight = 276.74 g/mol 
Computed complexitya = 345 
Solubility = 2.98 × 10− 5 mol/mol 

Tolbutamide 
Molecular weight = 270.35 g/mol 
Computed complexitya = 354 
Solubility = 1.59 × 10− 4 mol/mol 

Atropine 
Molecular weight = 289.37 g/mol 
Computed complexitya = 353 
Solubility = 4.30 × 10− 4 mol/mol 

2,3,5,6 –Tetrachloropyridine 
Molecular weight = 216.90 g/mol 
Computed complexitya = 108 
Solubility = 7.28 × 10− 3 mol/mol  

a Computed complexity was obtained from https://pubchem.ncbi.nlm.nih.gov/ 
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Table 5 
Solubility data of plant-based bioactive compounds in binary SC-CO2 system.  

No. Extracted product Temperature 
(K) 

Pressure 
(MPa) 

Solubility (mol/ 
mol) 
min max 

1 Apple seed oilz2 316 - 336 30.0 - 
100.0 

3.20 
×

10− 3 

1.43 
×

10− 1 

2 Apricot Kernel Oilz3 313.15 - 
333.15 

15.0 - 
60.0 

1.50 
×

10− 2 

6.00 
×

10− 2 

3 Sinapic acidaa 313 - 333 20.0 - 
40.0 

7.00 
×

10− 9 

7.04 
×

10− 7 

4 Chrysinaa 313 - 333 20.0 - 
40.0 

1.80 
×

10− 8 

1.13 
×

10− 7 

5 Vitamin E Acetateab 308.15 - 
328.15 

8.41 - 
14.19 

8.41 
×

10− 4 

1.42 
×

10− 3 

6 Theobromineac 313.15 - 
353.15 

21.9 - 
34.5 

8.80 
×

10− 7 

4.71 
×

10− 6 

7 Theophyllineac 313.15 - 
353.15 

19.9 - 
34.9 

1.03 
×

10− 5 

3.32 
×

10− 5 

8 Hemp Seed Oilad 313 - 353 20.0 - 
40.0 

2.90 
×

10− 3 

3.26 
×

10− 2 

9 Beta Karoteneae 313 -353 20.0 - 
35.0 

2.90 
×

10− 4 

3.56 
×

10− 3 

10 Castor Oilaf 313 - 353 20.0 - 
36.0 

1.00 
×

10− 3 

4.88 
×

10− 3 

11 Red Pepper Oilag 303 - 333 10.0 - 
35.0 

1.80 
×

10− 7 

1.18 
×

10− 6 

12 Quinineah 308.15 - 
328.15 

8.0 - 24.0 8.30 
×

10− 8 

8.10 
×

10− 6 

13 Cinnamic acidai 308 - 328 9.0 - 18.0 2.78 
×

10− 5 

1.64 
×

10− 4 

14 Clove Oil (spice)aj 305 - 320 9.0 - 25.0 2.30 
×

10− 1 

2.90 
×

10− 1 

15 Caffeineac 313.15 - 
353.15 

19.9 - 
34.9 

2.83 
×

10− 4 

1.13 
×

10− 3 

16 Green Coffee Oilak 313.15 - 
353.15 

30.0 - 
35.0 

1.24 
×

10− 2 

2.60 
×

10− 2 

17 Maleic Acidal 318.15 - 
348.15 

7.0 - 30.0 1.30 
×

10− 5 

5.59 
×

10− 2 

18 Vitamin K1am 313 - 353 20.0 - 
35.0 

2.90 
×

10− 4 

3.56 
×

10− 3 

19 Moringa Oleifera Oilan 333 - 373 20.0 - 
50.0 

6.40 
×

10− 4 

1.27 
×

10− 2 

20 Protocatechuic acidaa 313 - 333 20.0 - 
40.0 

1.52 
×

10− 7 

1.06 
×

10− 6 

21 Palm Kernel Shell (bio- 
oil)ao 

323 - 343 30.0 - 
40.0 

4.56 
×

10− 4 

1.04 
×

10− 3 

22 Passion Fruit seed oilap 313 - 333 20.0 - 
25.0 

1.81 
×

10− 3 

5.52 
×

10− 3 

23 Arachis Hypogea Skin 
(Peanut) Oilaq 

313 - 343 10.0 - 
30.0 

1.28 
×

10− 3 

2.22 
×

10− 3 

24 Paeonolar 313.2 - 333.2 8.6 - 14.3 2.79 
×

10− 3 

1.00 
×

10− 1  

Table 5 (continued ) 

No. Extracted product Temperature 
(K) 

Pressure 
(MPa) 

Solubility (mol/ 
mol) 
min max 

25 Vitamin D2am 313 - 353 20.0 - 
32.0 

2.90 
×

10− 4 

1.04 
×

10− 3 

26 Pomegranate seed oilas 313 - 333 24.0 - 
32.00 

9.70 
×

10− 4 

2.04 
×

10− 3 

27 Mesquite Gumat 313 - 343 13.8 - 
34.5 

2.62 
×

10− 9 

1.19 
×

10− 8 

28 Vitamin E (γ)am 313 - 353 19.9 - 
34.9 

6.40 
×

10− 4 

3.57 
×

10− 3 

29 Red Palm Oilau 313.15 - 
333.15 

8.7 - 25.2 5.30 
×

10− 4 

1.13 
×

10− 2 

31 Roselle seed oilav 313 - 353 20.0 - 
30.0 

5.80 
×

10− 4 

1.07 
×

10− 3 

32 Oleic acidaw 313.15 - 
353.15 

10.0 - 
30.00 

3.80 
×

10− 6 

2.24 
×

10− 3 

33 Sunflower Oilax 313 - 353 20.0 - 
35.0 

2.00 
×

10− 4 

9.90 
×

10− 3 

34 Curcuminay 308 - 328 8.0 - 20.0 1.82 
×

10− 8 

3.70 
×

10− 8 

35 Vanillinaz 315 - 334.71 8.6 - 30.1 6.30 
×

10− 5 

5.22 
×

10− 3 

36 Vitamin E (α)am 313 - 353 19.9 - 
34.9 

6.40 
×

10− 4 

3.57 
×

10− 3 

37 Laminarinba 308.15 – 
318.15 

10 - 16 1.82 
×

10− 4 

3.41 
×

10− 4 

38 Phosphatidylocholinebb 313 - 353 12.4 – 
17.2 

5.08 
×

10− 6 

1.18 
× 10−

39 Quercus infectoria 
(oak)bc 

323 - 343 20 - 30 2.87 
×

10− 3 

5.22 
×

10− 3 

40 Black Pepper Piperinebd 293 - 333 10 - 20 7.80 
×

10− 6 

1.42 
×

10− 4  

z2 [57], 
z3 [64], 
aa [65], 
ab [31], 
ac [40], 
ad [98], 
ae [55], 
af [21], 
ag [48], 
ah [103], 
ai [30], 
aj [100], 
ac [45], 
ak [18], 
al [72], 
am [41], 
an [107], 
ao [15], 
ap [23], 
aq [67], 
ar [39], 
as [59], 
at [19], 
au [49], 
av [66], 
aw [4], 
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of solutes in SC–CO2, more often than not, the amount of hydrogen 
bonds that can be formed between SC–CO2 and the solute indirectly 
dictates the solubility [25]. A study by Antonie and Pereira [8] too, 
reported these similar findings. The results of the quantitative compar-
ison are tabulated in Table 4, where the bioactive compounds are sta-
tistically arranged in order of increasing solubility from the lowest 
solubility, 1st quartile, median, 3rd quartile, to maximum solubility. 

Similar analysis was performed on selected plant-based bioactive 
compounds listed in Table 4 to study the effect of molecular structure on 
their solubility. With reference to the maximum solubility data of three 
phenolic compounds at 333 K and 40.0 MPa adapted from Paula et al. 
[65] and as shown in Table 5, sinapic acid has the lowest solubility, 
followed by chrysin, and protocathechuic acid. When a comparison was 
made to the molecular weight and structure of sinapic acid and proto-
cathechuic acid, it is plausible that sinapic acid has a much lower sol-
ubility as opposed to protocatechuic acid. From a molecular weight 
perspective, sinapic acid is heavier than protocatechuic acid. In the 
context of molecular structure, two methoxy groups (O–CH3), 1 hy-
droxyl (OH) group and one carboxyl (R-COOH) group surrounds the 
benzene ring of sinapic acid, giving rise to a more complex and bulky 
structure. Protocatechuic acid, on the other hand, is relatively smaller 
and simpler with only 2 hydroxyl and 1 carboxylic acid group branching 
out of its benzene ring as seen in Fig. 5. This indirectly suggests that 
compounds with a greater overall volume tends to have lower solubility 
[68]. 

3.2. Quantitative evaluation and empirical model comparison 

As previously specified in Section 2.1, the solubility data of each 
bioactive compound in a binary supercritical system were regressed to 
obtain the adjusted parameters for the 26 empirical model equations. 
The correlation of solubility data with respect to the adjusted model 
parameters resulted in a computed AARD for each bioactive compound. 
With reference to Table 6, the lowest AARD for each bioactive com-
pound is marked in bold, indicating the best-performing empirical 
model with respect to that bioactive compound. Analysing from an 
overall perspective, the Belghait et al. model (8-parameter model) 
resulted in the lowest AARD (%) of 7.42 %, 10.16 %, and 6.57 %, 

respectively for all bioactive compounds, drug-based bioactive com-
pounds, and plant-based bioactive compounds. Belghait et al. model is 
also superior since its predictive performances are the best for 54 % of 
the bioactive compounds studied. When the model was first proposed by 
Belghait et al. [12], the performance of the model was tested based on 
the solubility correlation of 210 drug-based compounds and compared 
against 21 commonly-used density-based equations. In an identical 
comparative study of empirical models with respect to the solubility of 
pharmaceutical compounds conducted by Reddy and Garlapati [69], the 
Belghait et al. model again, emerged as the best performing model. 
Hence, the results obtained in this study further reaffirm and trumpet 
the superiority of the Belghait et al. model. Notably, the second-best 
overall model that is able to predict the solubility of both plant- and 
drug-based solutes is the 6-parameter Jouyban model, achieving lowest 
AARD (%) of 12 % for the compounds studied. From these findings, the 
accuracy of the correlation is hypothetically affected by the number of 
parameters in the correlation. Besides, it is worth noting that the 
Modified Chrastil Model (2), as presented in Table 2 as Equation 15(a) 
has the exact same mathematical formula as that of the Bian model, 
therefore resulting in the same computed AARD. Due to the aforemen-
tioned reason, the numerical AARD figures for Modified Chrastil Model 
(2) are not tabulated in Tables 6, 7, and 8. 

To the best of knowledge, a comprehensive comparative study per-
taining the performance of the empirical models on both plant- and 
drug-based solutes are scarce, as majority are aimed at drugs for instance 
in these references [9,12,37]. In a recent work carried out by Antonie 
and Pereira [8], a similar approach was taken in analysing, nevertheless, 
only a limited number of compounds were compared and the respective 
AARD computed was obtained from only 4 models [8]. 

In addition to analysing the performance of all 26 models as a whole, 
the effectiveness of the models is gauged according to the number of 
parameters (3, 4, 5, and 6) presented in the equation. The results of the 
evaluation are presented and segregated according to drug- (Table 7) 
and plant- (Table 8) based bioactive compounds. For both plant- and 
drug-based compounds, a consistency in results can be observed where 
Kumar and Johnston model, Sung and Shim model, as well as Moussa 
et al. model best-correlated the solubility data among all 3, 4, and 6- 
parameter models, respectively. Moreover, the satisfactory perfor-
mance of the Jouyban as a 6-parameter model in this study showed 
consistency with the results attained by Belghait et al. [12] and Sodei-
fian, Arbab Nooshabadi, et al. [81]. However, it is worth noting the 
difference in the results for the 5-parameter models. For drug-based 
compounds, Adachi and Lu model was able to best correlate the solu-
bility data, whereas Keshmiri et al. model resulted in the lowest overall 
AARD for plant-based compounds. Similar results were attained in the 

Fig. 5. Molecular structure and solubility data of Sinapic acid and Protocatechuic acid at 333 K and 40 MPa.  

ax [78], 
ay [105], 
az [70], 
ba [106], 
bb [38], 
bc [56], 
bd [47]. 
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Table 6 
Computed AARD (%) for Bioactive Compounds  

Bioactive compounds Absolute average deviation (AARD%) 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 

Theobromine 6.30 8.32 8.94 6.29 5.63 4.80 6.29 4.28 6.01 3.89 4.48 4.80 3.98 4.66 4.66 4.61 4.08 4.00 4.07 4.00 4.10 4.70 4.39 3.81 4.16 
Theophylline 5.33 5.63 5.78 5.31 5.40 5.38 5.33 4.93 5.23 5.27 5.28 5.35 5.42 5.27 5.28 5.31 4.92 7.53 3.61 4.55 5.43 4.27 5.27 4.74 3.39 
Caffeine 4.95 3.55 5.66 4.71 3.45 5.16 3.25 3.45 3.20 3.44 3.47 3.07 3.05 2.95 3.24 3.43 3.20 10.03 3.01 3.39 3.76 2.88 2.91 2.90 2.85 
Vitamin D3 22.69 23.75 22.30 22.76 23.13 21.36 23.93 21.28 22.58 23.03 23.86 23.70 24.68 22.53 18.91 19.20 21.32 22.42 21.63 18.71 32.60 20.23 19.19 16.92 16.72 
Vitamin D2 21.49 7.84 9.68 10.67 11.85 12.39 15.73 9.54 18.48 9.29 9.58 6.90 7.65 4.79 4.94 9.29 4.39 8.26 4.34 3.91 5.73 4.78 4.46 3.38 3.37 
Vitamin E (alpha) 3.67 3.83 4.51 3.55 3.13 4.26 3.48 3.16 2.95 3.04 3.02 3.70 3.77 3.05 2.98 3.03 2.93 6.81 2.90 3.61 3.47 3.27 3.06 3.34 2.64 
Vitamin E (gamma) 3.95 3.59 4.91 3.84 3.05 4.56 3.65 3.10 2.92 3.09 3.10 3.64 3.54 3.11 2.96 3.11 2.89 9.01 3.06 3.61 3.47 3.24 3.07 3.28 2.83 
Vitamin K1 5.04 4.91 5.43 4.90 5.05 6.90 4.75 4.97 4.31 4.97 4.73 4.40 5.03 4.56 4.20 3.61 4.30 8.38 4.64 7.36 4.00 5.05 3.61 3.76 3.53 
Atropine 18.88 19.90 18.28 19.02 17.56 18.55 17.33 17.38 18.04 17.55 17.64 20.41 18.98 16.98 15.18 17.66 16.68 16.52 15.71 16.45 18.06 19.45 16.96 16.24 12.56 
Codeine 14.97 12.70 14.45 14.91 9.46 15.21 14.32 9.64 12.07 9.71 9.53 10.64 10.06 9.35 9.50 9.73 10.89 20.07 9.20 10.55 12.18 7.89 9.54 9.11 8.67 
T1 17.04 22.34 22.80 16.93 25.20 20.49 15.89 22.83 17.92 22.56 15.90 16.11 16.50 14.82 14.32 13.46 16.50 14.85 11.96 31.98 15.20 17.78 12.83 13.31 12.91 
T2 11.90 16.47 18.05 11.85 9.41 12.45 11.38 7.97 9.01 7.87 9.28 7.85 8.05 7.39 8.72 9.37 7.98 17.03 7.86 8.26 5.63 5.23 7.48 8.52 7.59 
T3 15.84 19.80 21.16 15.81 11.79 13.98 15.35 11.06 13.80 10.67 11.20 11.13 10.91 11.38 11.13 11.17 11.40 16.54 11.03 6.90 6.80 7.47 11.15 10.75 10.03 
T4 22.06 27.68 28.33 22.39 20.90 23.55 21.44 21.31 23.51 21.12 23.38 21.51 21.32 22.96 23.28 23.35 21.93 25.36 21.05 18.15 20.63 18.09 22.90 23.05 23.01 
Flurbiprofen 11.36 14.03 15.65 11.35 8.08 8.02 11.35 7.35 8.51 7.23 7.58 8.37 7.24 7.67 7.62 6.70 7.60 15.34 7.67 7.66 6.24 6.18 7.18 6.71 6.64 
Aspirin 35.41 33.43 37.21 35.15 35.85 48.98 32.42 39.40 36.78 43.06 39.22 44.33 41.56 33.35 37.36 43.99 44.36 33.20 44.21 57.83 47.33 51.87 40.80 40.73 38.88 
d-Pinitol 121.0 139.2 142.1 121.0 96.3 37.5 124.2 41.1 75.0 28.1 39.8 47.2 28.3 35.8 40.1 35.6 31.0 74.8 30.76 22.02 66.07 26.19 34.24 36.67 33.0 
Apricot Kernel Oil 8.28 12.37 11.19 8.33 8.04 7.19 8.50 6.59 8.06 9.62 6.06 5.36 8.87 6.62 5.54 6.30 5.13 4.99 1.35 1.80 N/A 8.25 1.96 1.74 1.42 
Sunflower Oil 16.30 23.80 18.46 16.31 23.88 9.63 16.62 11.06 12.16 11.03 8.13 11.96 11.59 7.76 18.46 11.30 12.24 16.87 7.88 17.07 N/A 9.73 6.99 6.77 5.73 
Tridodecylamine 21.92 11.58 11.61 21.91 23.16 15.96 21.81 14.58 19.56 10.88 19.52 21.79 10.94 18.87 18.76 12.85 19.45 20.86 14.82 53.62 55.81 20.48 12.90 14.47 13.02 
Piperine 21.14 18.82 19.30 21.13 14.60 16.78 21.13 13.85 20.94 13.41 13.75 11.34 13.96 14.02 10.62 13.51 10.21 11.15 8.65 6.99 11.65 10.02 13.75 9.42 6.71 
Maleic Acid 47.97 51.00 49.34 47.94 49.16 93.03 43.25 49.16 58.51 50.07 48.30 45.74 51.53 42.79 59.15 49.17 58.53 59.17 58.42 44.56 55.72 67.65 44.37 60.33 44.46 
Red Pepper Oil 17.95 22.79 24.52 17.95 14.68 18.47 18.18 10.03 10.93 13.16 13.78 17.09 12.63 13.72 10.23 13.63 11.10 8.44 9.15 10.83 N/A 7.41 13.63 12.89 8.12 
Mesquite Gum 5.27 4.74 6.26 5.22 5.29 6.89 3.94 5.13 4.44 4.46 4.96 4.20 3.94 3.78 4.18 4.51 3.94 5.66 3.78 4.81 N/A 5.23 3.79 3.88 2.51 
Benzamide 13.82 14.00 15.35 13.82 8.10 61.59 14.21 4.09 6.24 5.84 5.50 9.33 5.51 5.49 3.98 5.49 5.94 3.62 3.81 6.31 2.66 4.32 5.57 5.64 2.37 
Oleic acid 41.72 37.11 30.08 40.01 37.68 16.66 39.46 13.39 38.59 25.92 36.31 37.82 31.28 33.27 14.94 15.87 30.62 27.16 12.10 20.63 23.06 26.74 15.83 12.28 9.71 
Ketoprofen 5.70 5.83 5.67 5.77 7.93 6.36 5.73 5.77 5.49 5.51 5.54 7.93 5.74 5.68 5.42 5.58 5.34 5.40 5.63 8.63 9.63 13.13 5.69 5.85 5.38 
Diclofenac Acid 9.54 10.17 9.68 9.61 7.46 10.53 8.95 5.99 9.56 6.70 6.57 8.11 8.61 5.31 4.24 6.60 5.81 10.63 4.72 20.26 19.84 13.19 5.40 5.01 4.06 
Gabapentin 12.15 11.58 11.77 12.19 13.24 12.45 12.15 12.84 11.80 11.74 11.96 12.71 11.51 11.94 11.99 11.31 11.80 16.43 11.07 17.91 18.76 13.42 11.31 11.63 10.23 
Megestrol acetate 25.02 25.68 26.02 24.73 22.23 22.99 22.43 22.77 24.51 22.40 22.22 21.81 23.06 20.04 21.31 22.80 19.99 18.96 20.25 24.61 21.85 23.88 19.70 21.10 19.39 
Hemp Seed Oil 12.73 20.61 22.22 12.91 15.87 12.25 11.21 13.79 12.74 14.50 11.30 13.24 15.72 11.37 6.77 11.14 12.83 15.81 9.15 4.82 N/A 5.12 11.39 7.20 4.25 
Niflumic acid 2.60 4.46 2.87 2.83 4.45 1.41 1.42 2.72 1.17 2.75 2.39 4.67 4.34 1.17 1.05 1.91 0.93 1.87 1.06 2.52 5.89 3.21 1.18 0.86 0.86 
2,3,5,6-Tetrachloropyridine 6.83 4.48 5.29 6.83 4.84 3.73 6.91 3.28 4.09 2.28 2.95 5.50 1.93 2.92 2.45 2.59 3.35 16.54 2.14 13.65 20.81 5.44 2.51 1.99 2.02 
Moringa Oleifera Oil 5.27 3.56 2.93 5.11 5.62 5.84 4.30 4.51 3.37 2.67 3.20 3.17 2.86 1.93 3.11 3.12 3.25 6.13 1.92 8.35 N/A 3.74 1.45 1.65 1.48 
Castor Oil 1.38 3.50 1.87 1.57 4.08 2.48 1.19 2.69 1.00 1.67 1.07 3.55 3.26 0.85 0.90 0.87 0.77 2.50 1.28 3.37 N/A 3.62 0.85 1.41 0.72 
Clove Oil (spice) 1.32 13.15 13.40 1.32 1.26 1.87 1.12 1.23 1.20 1.19 1.32 0.86 1.26 1.08 0.75 0.52 0.39 0.89 0.45 1.08 N/A 0.83 0.56 0.50 0.44 
Vanillin 35.39 32.72 34.42 35.41 37.46 44.78 36.84 37.49 12.48 34.84 35.11 35.79 32.08 36.15 17.58 34.04 12.15 36.37 14.22 43.47 38.91 28.12 35.29 18.90 14.16 
Chrysin 16.44 16.51 16.46 16.44 15.98 12.99 16.43 16.05 16.54 14.95 13.77 11.79 14.83 13.75 11.34 13.80 11.30 12.05 11.28 11.57 11.49 10.82 13.73 11.29 11.34 
Sinapic acid 27.77 27.89 27.58 27.76 28.26 28.19 28.00 28.03 27.15 27.80 27.70 29.00 28.04 28.00 27.83 27.78 28.42 28.26 29.23 28.97 29.03 30.27 27.64 26.96 27.17 
Protocatechuic acid 17.79 17.94 18.59 17.77 16.92 14.13 17.34 16.66 15.57 15.07 14.68 14.81 15.06 14.22 14.65 14.44 15.07 14.66 15.13 14.33 18.30 12.58 13.77 14.25 13.66 
Palm Kernel Shell (bio-oil) 5.23 4.93 5.34 5.17 4.85 3.48 4.66 3.31 3.55 3.46 3.54 4.27 3.71 3.52 3.46 3.37 3.52 3.21 3.53 3.49 N/A 3.44 3.53 3.54 3.53 
Quinine 23.43 26.62 25.36 23.43 20.87 38.56 23.53 19.55 23.17 34.42 20.53 14.45 20.54 19.57 16.52 15.28 13.85 14.20 15.23 18.07 31.39 15.15 14.55 13.28 12.24 
Aprepitant 20.71 18.29 20.26 20.64 15.22 16.83 20.50 12.91 10.79 14.12 12.77 17.91 13.53 9.19 9.27 12.55 10.65 13.32 8.54 10.09 14.88 11.97 9.17 8.15 7.58 
Amiodarone Hydrochloride 9.02 10.82 11.13 8.98 14.56 12.65 8.68 13.38 8.82 11.14 8.97 8.31 10.45 8.59 7.55 8.52 7.72 12.59 7.65 18.37 7.32 6.20 8.31 8.38 7.12 
Curcumin 5.89 11.68 11.34 5.89 4.36 5.49 5.85 4.06 5.79 3.82 4.32 2.94 4.08 4.12 2.28 4.21 2.64 3.73 1.64 2.64 2.79 1.62 3.92 2.59 1.98 
Green Coffee Oil 11.03 11.80 10.38 11.17 11.43 7.63 8.89 9.27 7.92 9.27 8.92 11.61 11.36 8.24 8.22 8.26 8.54 8.03 7.62 9.11 N/A 6.48 6.67 7.11 1.76 
Vitamin E Acetate 1.01 2.15 2.07 0.02 0.02 0.74 0.00 0.34 0.02 0.00 1.03 1.41 0.00 0.00 0.59 0.95 0.46 0.04 0.07 0.08 N/A 0.01 0.36 0.83 0.06 
Warfarin 12.66 18.15 18.35 17.28 13.47 9.77 16.99 14.13 15.93 13.94 11.64 13.97 13.97 11.49 8.52 8.84 13.99 14.13 7.61 8.58 9.52 14.39 8.86 6.91 2.79 
Loratadine 24.74 17.18 18.71 24.68 14.61 21.30 24.80 13.43 18.88 12.84 13.88 13.49 13.53 14.99 13.86 11.45 12.90 13.20 12.86 19.03 31.54 10.84 11.52 11.00 10.81 
Letrozole 10.42 14.42 12.10 10.37 16.73 12.47 9.41 10.44 10.30 12.38 10.44 9.59 14.43 9.15 9.46 10.51 9.56 10.71 8.52 20.09 26.97 10.00 9.07 8.86 3.88 
Chloropropamide 4.65 10.82 5.50 4.36 12.28 11.61 3.73 5.52 4.54 4.72 4.34 3.62 7.37 3.66 4.55 4.42 4.51 14.66 3.02 10.89 9.12 4.26 2.84 2.99 2.75 
Toltbutamide 6.91 15.12 9.69 7.07 14.94 8.68 6.51 5.48 4.25 8.84 6.39 9.32 13.23 6.17 4.18 6.17 3.02 3.90 2.79 10.30 14.75 7.84 6.14 2.32 2.31 
Apple seed oil 31.61 34.77 31.44 31.69 34.46 19.70 29.54 32.32 11.22 13.58 22.92 29.20 15.18 22.54 11.84 22.48 11.59 35.10 11.58 14.40 N/A 15.08 22.32 11.71 10.94 

(continued on next page) 
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Table 7 
Comparison of computed AARD among 3, 4, 5, and 6-model parameters for drug-based bioactive compounds.  

Bioactive compound Empirical model equation 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 251 

Atropine 18.88 19.90 18.28 19.02 17.56 18.55 17.33 17.38 18.04 17.55 17.64 20.41 18.98 16.98 15.18 17.66 16.68 16.52 15.71 16.45 18.06 19.45 16.96 16.24 12.56 
Codeine 14.97 12.70 14.45 14.91 9.46 15.21 14.32 9.64 12.07 9.71 9.53 10.64 10.06 9.35 9.50 9.73 10.89 20.07 9.20 10.55 12.18 7.89 9.54 9.11 8.67 
T1 17.04 22.34 22.80 16.93 25.20 20.49 15.89 22.83 17.92 22.56 15.90 16.11 16.50 14.82 14.32 13.46 16.50 14.85 11.96 31.98 15.20 17.78 12.83 13.31 12.91 
T2 11.90 16.47 18.05 11.85 9.41 12.45 11.38 7.97 9.01 7.87 9.28 7.85 8.05 7.39 8.72 9.37 7.98 17.03 7.86 8.26 5.63 5.23 7.48 8.52 7.59 
T3 15.84 19.80 21.16 15.81 11.79 13.98 15.35 11.06 13.80 10.67 11.20 11.13 10.91 11.38 11.13 11.17 11.40 16.54 11.03 6.90 6.80 7.47 11.15 10.75 10.03 
T4 22.06 27.68 28.33 22.39 20.90 23.55 21.44 21.31 23.51 21.12 23.38 21.51 21.32 22.96 23.28 23.35 21.93 25.36 21.05 18.15 20.63 18.09 22.90 23.05 23.01 
Flurbiprofen 11.36 14.03 15.65 11.35 8.08 8.02 11.35 7.35 8.51 7.23 7.58 8.37 7.24 7.67 7.62 6.70 7.60 15.34 7.67 7.66 6.24 6.18 7.18 6.71 6.64 
Aspirin 35.41 33.43 37.21 35.15 35.85 48.98 32.42 39.40 36.78 43.06 39.22 44.33 41.56 33.35 37.36 43.99 44.36 33.20 44.21 57.83 47.33 51.87 40.80 40.73 38.88 
d-Pinitol 121.0 139.2 142.1 121.0 96.3 37.5 124.2 41.1 75.0 28.1 39.8 47.2 28.3 35.8 40.1 35.6 31.0 74.8 30.8 22.0 66.1 26.2 34.2 36.7 33.0 
Tridodecylamine 21.92 11.58 11.61 21.91 23.16 15.96 21.81 14.58 19.56 10.88 19.52 21.79 10.94 18.87 18.76 12.85 19.45 20.86 14.82 53.62 55.81 20.48 12.90 14.47 13.02 
Benzamide 13.82 14.00 15.35 13.82 8.10 61.59 14.21 4.09 6.24 5.84 5.50 9.33 5.51 5.49 3.98 5.49 5.94 3.62 3.81 6.31 2.66 4.32 5.57 5.64 2.37 
Ketoprofen 5.70 5.83 5.67 5.77 7.93 6.36 5.73 5.77 5.49 5.51 5.54 7.93 5.74 5.68 5.42 5.58 5.34 5.40 5.63 8.63 9.63 13.13 5.69 5.85 5.38 
Diclofenac Acid 9.54 10.17 9.68 9.61 7.46 10.53 8.95 5.99 9.56 6.70 6.57 8.11 8.61 5.31 4.24 6.60 5.81 10.63 4.72 20.26 19.84 13.19 5.40 5.01 4.06 
Gabapentin 12.15 11.58 11.77 12.19 13.24 12.45 12.15 12.84 11.80 11.74 11.96 12.71 11.51 11.94 11.99 11.31 11.80 16.43 11.07 17.91 18.76 13.42 11.31 11.63 10.23 
Megestrol acetate 25.02 25.68 26.02 24.73 22.23 22.99 22.43 22.77 24.51 22.40 22.22 21.81 23.06 20.04 21.31 22.80 19.99 18.96 20.25 24.61 21.85 23.88 19.70 21.10 19.39 
Niflumic acid 2.60 4.46 2.87 2.83 4.45 1.41 1.42 2.72 1.17 2.75 2.39 4.67 4.34 1.17 1.05 1.91 0.93 1.87 1.06 2.52 5.89 3.21 1.18 0.86 0.86 
2,3,5,6-Tetrachloropyridine 6.83 4.48 5.29 6.83 4.84 3.73 6.91 3.28 4.09 2.28 2.95 5.50 1.93 2.92 2.45 2.59 3.35 16.54 2.14 13.65 20.81 5.44 2.51 1.99 2.02 
Aprepitant 20.71 18.29 20.26 20.64 15.22 16.83 20.50 12.91 10.79 14.12 12.77 17.91 13.53 9.19 9.27 12.55 10.65 13.32 8.54 10.09 14.88 11.97 9.17 8.15 7.58 
Amiodarone Hydrochloride 9.02 10.82 11.13 8.98 14.56 12.65 8.68 13.38 8.82 11.14 8.97 8.31 10.45 8.59 7.55 8.52 7.72 12.59 7.65 18.37 7.32 6.20 8.31 8.38 7.12 
Warfarin 12.66 18.15 18.35 17.28 13.47 9.77 16.99 14.13 15.93 13.94 11.64 13.97 13.97 11.49 8.52 8.84 13.99 14.13 7.61 8.58 9.52 14.39 8.86 6.91 2.79 
Loratadine 24.74 17.18 18.71 24.68 14.61 21.30 24.80 13.43 18.88 12.84 13.88 13.49 13.53 14.99 13.86 11.45 12.90 13.20 12.86 19.03 31.54 10.84 11.52 11.00 10.81 
Letrozole 10.42 14.42 12.10 10.37 16.73 12.47 9.41 10.44 10.30 12.38 10.44 9.59 14.43 9.15 9.46 10.51 9.56 10.71 8.52 20.09 26.97 10.00 9.07 8.86 3.88 
Chloropropamide 4.65 10.82 5.50 4.36 12.28 11.61 3.73 5.52 4.54 4.72 4.34 3.62 7.37 3.66 4.55 4.42 4.51 14.66 3.02 10.89 9.12 4.26 2.84 2.99 2.75 

(continued on next page) 

Table 6 (continued ) 

Bioactive compounds Absolute average deviation (AARD%) 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 

Red Palm Oil 41.12 41.83 42.06 41.12 30.64 29.97 41.01 14.43 40.12 10.47 19.17 14.89 10.52 18.33 17.15 10.94 11.97 10.61 11.17 9.92 N/A 9.77 10.60 10.03 10.51 
Arachis Hypogea Skin Oil 9.27 16.00 16.56 9.27 9.47 10.12 8.94 9.14 9.98 6.31 9.27 9.84 9.48 8.74 9.87 9.50 10.02 8.45 10.10 6.93 N/A 9.80 8.67 10.11 4.19 
Cefuroxime Axetil 64.81 64.70 64.57 64.83 49.70 40.15 63.77 28.16 64.15 18.90 28.43 23.53 18.93 27.81 22.33 20.02 21.96 14.47 18.69 14.41 14.31 15.55 19.90 16.27 14.42 
Cinnamic acid 4.92 9.43 9.58 4.92 4.52 11.10 5.06 4.40 4.87 4.39 3.82 3.18 5.05 4.02 3.64 3.35 2.46 3.32 2.83 7.28 3.62 2.27 3.16 1.48 1.49 
Beta Karotene 11.45 28.17 27.57 11.68 13.59 10.85 10.57 8.25 11.20 8.04 11.25 5.93 10.13 10.48 10.90 9.68 4.99 7.88 4.59 36.01 45.24 5.35 9.28 10.00 7.39 
Imatinib Mesylate 43.81 42.05 42.72 43.75 36.61 32.56 42.94 33.42 41.96 28.63 30.77 21.29 29.09 31.14 28.06 30.77 18.18 24.56 18.30 8.89 18.82 15.30 31.13 24.02 21.12 
Sorafenib Tosylate 14.14 15.62 16.61 14.15 9.24 13.07 13.90 8.21 11.44 8.43 8.44 11.83 8.72 6.75 8.24 8.48 10.22 8.36 8.28 6.65 10.46 10.08 6.74 8.85 5.75 
Sutinitib Mesylate 19.87 24.43 25.33 19.90 17.60 20.72 19.40 9.40 15.60 12.65 14.65 16.83 9.50 14.48 13.74 13.70 15.16 8.10 13.45 9.12 7.09 9.41 12.41 14.60 10.93 
Esomeprazole (ESM) 11.64 13.40 14.33 11.60 14.98 15.64 11.38 14.74 10.18 13.92 11.60 11.30 13.28 11.45 9.16 10.42 9.96 12.37 9.97 20.87 10.07 9.52 10.15 9.45 7.98 
Paeonol (Peanut oil) 9.05 9.46 9.14 9.02 8.75 8.67 7.50 8.67 8.94 8.71 8.80 8.28 8.80 7.24 8.57 8.44 7.53 7.83 7.78 8.79 N/A 7.66 7.04 8.41 6.82 
Passion Fruit seed oil 10.75 9.75 10.04 10.58 9.23 9.48 9.69 82.92 9.65 10.17 9.60 9.72 9.58 10.58 9.41 9.31 9.62 8.03 9.03 2.32 N/A 3.01 9.19 9.22 0.60 
Pomegranate seed oil 10.56 10.46 10.63 10.55 10.49 5.29 8.54 8.61 5.34 8.61 4.47 8.54 8.64 4.83 5.05 1.48 3.68 3.83 3.53 8.60 N/A 8.54 1.50 1.52 1.25 
Roselle seed oil 12.39 14.48 14.87 12.46 12.42 12.37 11.59 12.44 12.74 12.69 12.42 12.60 12.93 9.47 12.47 12.17 11.50 11.00 10.39 1.60 N/A 4.29 8.38 10.86 4.38 
Repaglinide Drug 19.85 17.08 17.25 19.68 13.56 14.18 19.15 13.64 18.42 12.73 12.36 11.33 13.37 12.53 10.76 12.54 11.65 13.31 9.57 11.23 11.43 8.99 12.64 9.71 8.77 
Azathriopine 6.23 7.06 8.49 6.16 6.72 9.41 5.25 6.18 5.00 5.94 5.65 5.09 5.46 5.20 4.88 5.52 5.10 6.59 5.08 11.30 5.14 7.28 5.31 4.95 4.72 
Phosphatidylcholine 9.35 6.51 7.16 9.29 5.57 7.27 7.54 5.36 4.97 5.53 3.93 6.87 4.68 3.65 3.90 2.25 2.99 5.89 2.67 2.20 6.01 4.01 1.83 2.37 0.57 
Sertraline Hydrochloride 16.33 16.38 15.38 16.35 15.45 15.29 16.45 12.37 16.27 14.80 14.00 11.75 16.37 14.00 11.17 13.91 9.69 10.90 8.86 18.60 19.81 6.28 13.96 10.42 8.41 
Laminarin 4.79 7.61 7.89 4.79 2.92 2.16 4.71 2.64 3.65 2.64 2.49 2.74 2.67 2.58 1.93 2.35 2.89 2.84 1.81 2.24 N/A 2.05 2.40 1.87 1.99 
Quercus infectoria 4.44 5.57 5.69 4.45 4.24 3.47 3.23 3.77 4.28 3.66 3.59 3.79 3.61 1.92 3.23 3.52 3.32 3.44 2.14 1.78 N/A 1.64 1.63 2.61 1.62 
Sodium Valproate 7.34 8.22 9.25 7.34 10.89 11.51 7.14 9.48 6.67 8.70 6.92 6.31 8.37 6.82 6.48 5.69 6.48 8.49 6.25 17.56 5.72 6.50 5.64 5.69 5.39 
Average AARD 16.65 18.17 18.18 16.52 15.48 15.64 16.06 13.35 14.21 12.07 12.31 12.69 12.18 11.57 10.83 11.27 10.78 13.45 9.72 13.02 17.12 10.83 10.51 9.91 7.42 
MIN AARD 1.01 2.15 1.87 0.02 0.02 0.74 0.00 0.34 0.02 0.00 1.03 0.86 0.00 0.00 0.59 0.59 0.52 0.39 0.07 0.08 2.66 0.01 0.36 0.50 0.06 
MAX AARD 120.96 139.18 142.09 120.95 96.30 93.03 124.20 82.92 75.03 50.07 48.30 47.18 51.53 42.79 59.15 59.15 49.17 58.53 58.42 57.83 66.07 67.65 44.37 60.33 44.46  
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study by Belghait et al. whereby amongst all the 5-parameter models, 
Adachi and Lu model demonstrated outstanding performance in corre-
lating the data of 210 drug-based compounds [12,77]. Fig. 6 shows the 
AARD obtained from both Adachi and Lu model, and Keshmiri et al. 
model for plant-based bioactive compounds. The value of the x-axis of 
Fig. 6 corresponds to the number of sequences of plant-based bioactive 
compounds listed in Table 5. As showed in Fig. 6, there is only a minor 
difference the AARD (%) difference computed between Adachi and Lu 
model, and Keshmiri et al. model. 

As observed from Table 7, the lowest AARD of 0.86 % is attained 
from both Moussa et al. model (6-parameter model) and Belghait et al. 
model (8-parameter model). The highest AARD of 64.81 % is found from 
the use of Chrastil Equation (3-parameter model). While for plant-based 
bioactive compound, the adoption of both Ch and Madras (4-parameter 
model) and Garlapati and Madras (II) (5-paramenter model) results in 
the minimum AARD of 0.00 %. The maximum AARD of 60.33 % is 
computed when Moussa et al. model (6-parameter model) is utilized. 
From the AARD results shown in Tables 7 and 8 for drug- and plant- 
based bioactive compounds, it can be affirmed that the type of com-
pound is not a deciding factor for the range of AARD computed. In 
addition, there is no specific correlation that best fits all compounds. 

By summarizing minimum and maximum of%AARD for each drug- 
and plant-based bioactive compound in Tables 9–10 and further analyze 
them, it is more apparent that no model works perfectly well for all 
bioactive compounds. Generally, the solubility model possesses high 
predictive accuracy when it has more model parameters and each 
bioactive compound has its own reliable solubility predictive model. 
Nonetheless, considering molecular complexity and weight, and polarity 
of the respective bioactive compound, hypothetically, they can also be 
the influencing factors for the model predictive performance. For 
example, by benchmarking d-pinitol (complexity: 158, molecular 
weight: 194.18 g/mol) and vitamin E acetate (complexity: 602, MW: 
472.7 g/mol) [58], it is evident from Tables 7 to 10, that for all models, 
predictive accuracies for d-pinitol solubility seems to be consistently 
poorer in comparison to vitamin E acetate solubility prediction. There-
fore, there may be identified patterns that the models presumably 
perform better for compounds having higher molecular complexities 
and weights. On the perspective of bioactive compound polarity, 
vitamin E acetate, maleic acid, and d-Pinitol have topological polar 
surface areas of 35.5 Ångströms2, 74.6 Ångströms2, and 110 Ång-
ströms2, respectively [58]. The above data demonstrated that predictive 
solubility models overall work better with compounds having lower 
polarity. These phenomena are likely to be consistent with the fact that 
supercritical CO2 is non-polar solvent [54] and it will only be effective to 
dissolve non-polar or less polar compounds. 

4. Conclusions 

Solubility data compilation of a total of 33 drugs and 40 plant-based 
bioactive compounds in supercritical carbon dioxide was correlated 
according to 26 commonly-used density-based models. The influence of 
temperature, pressure, and structural complexity on the solubility of the 
bioactive compounds were thoroughly discussed and evaluated. Find-
ings include a stronger influence of molecular complexity as opposed to 
molecular weight on the solubility of these solutes in a supercritical 
system. It should be highlighted that literature pertaining to a compre-
hensive solubility review on both plant- and drug-based compounds are 
scarce. The performance of 26 empirical models were gauged in accor-
dance with the computed AARD when the solubility data gathered from 
the past 25 years (1994 – 2019) were correlated, and the adjusted pa-
rameters determined. Comparison work resulted in the 8-parameter 
Belghait et al. model correlating the solubility data the best as it was 
able to compute lowest AARD (%) for majority of the bioactive com-
pounds considered. 
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Table 8 
Comparison of computed AARD among 3, 4, 5, and 6-model parameters for plant-based bioactive compounds.  

Bioactive compound Empirical model equation 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 251 

Theobromine 6.30 8.32 8.94 6.29 5.63 4.80 6.29 4.28 6.01 3.89 4.48 4.80 3.98 4.66 4.66 4.61 4.08 4.00 4.07 4.00 4.10 4.70 4.39 3.81 4.16 
Theophylline 5.33 5.63 5.78 5.31 5.40 5.38 5.33 4.93 5.23 5.27 5.28 5.35 5.42 5.27 5.28 5.31 4.92 7.53 3.61 4.55 5.43 4.27 5.27 4.74 3.39 
Caffeine 4.95 3.55 5.66 4.71 3.45 5.16 3.25 3.45 3.20 3.44 3.47 3.07 3.05 2.95 3.24 3.43 3.20 10.03 3.01 3.39 3.76 2.88 2.91 2.90 2.85 
Vitamin D3 22.69 23.75 22.30 22.76 23.13 21.36 23.93 21.28 22.58 23.03 23.86 23.70 24.68 22.53 18.91 19.20 21.32 22.42 21.63 18.71 32.60 20.23 19.19 16.92 16.72 
Vitamin D2 21.49 7.84 9.68 10.67 11.85 12.39 15.73 9.54 18.48 9.29 9.58 6.90 7.65 4.79 4.94 9.29 4.39 8.26 4.34 3.91 5.73 4.78 4.46 3.38 3.37 
Vitamin E (alpha) 3.67 3.83 4.51 3.55 3.13 4.26 3.48 3.16 2.95 3.04 3.02 3.70 3.77 3.05 2.98 3.03 2.93 6.81 2.90 3.61 3.47 3.27 3.06 3.34 2.64 
Vitamin E (gamma) 3.95 3.59 4.91 3.84 3.05 4.56 3.65 3.10 2.92 3.09 3.10 3.64 3.54 3.11 2.96 3.11 2.89 9.01 3.06 3.61 3.47 3.24 3.07 3.28 2.83 
Vitamin K1 5.04 4.91 5.43 4.90 5.05 6.90 4.75 4.97 4.31 4.97 4.73 4.40 5.03 4.56 4.20 3.61 4.30 8.38 4.64 7.36 4.64 5.05 3.61 3.76 3.53 
Apricot Kernel Oil 8.28 12.37 11.19 8.33 8.04 7.19 8.50 6.59 8.06 9.62 6.06 5.36 8.87 6.62 5.54 6.30 5.13 4.99 1.35 1.80 23.06 8.25 1.96 1.74 1.42 
Sunflower Oil (stearic acid) 16.30 23.80 18.46 16.31 23.88 9.63 16.62 11.06 12.16 11.03 8.13 11.96 11.59 7.76 18.46 11.30 12.24 16.87 7.88 17.07 N/A 9.73 6.99 6.77 5.73 
Black Pepper Piperine 21.14 18.82 19.30 21.13 14.60 16.78 21.13 13.85 20.94 13.41 13.75 11.34 13.96 14.02 10.62 13.51 10.21 11.15 8.65 6.99 8.85 10.02 13.75 9.42 6.71 
Maleic Acid 47.97 51.00 49.34 47.94 49.16 93.03 43.25 49.16 58.51 50.07 48.30 45.74 51.53 42.79 59.15 49.17 58.53 59.17 58.42 44.56 55.72 67.65 44.37 60.33 44.46 
Red Pepper Oil (linoleic acid) 17.95 22.79 24.52 17.95 14.68 18.47 18.18 10.03 10.93 13.16 13.78 17.09 12.63 13.72 10.23 13.63 11.10 8.44 9.15 10.83 N/A 7.41 13.63 12.89 8.12 
Mesquite Gum 5.27 4.74 6.26 5.22 5.29 6.89 3.94 5.13 4.44 4.46 4.96 4.20 3.94 3.78 4.18 4.51 3.94 5.66 3.78 4.81 N/A 5.23 3.79 3.88 2.51 
Oleic acid 41.72 37.11 30.08 40.01 37.68 16.66 39.46 13.39 38.59 25.92 36.31 37.82 31.28 33.27 14.94 15.87 30.62 27.16 12.10 20.63 23.06 26.74 15.83 12.28 9.71 
Hemp Seed Oil 12.73 20.61 22.22 12.91 15.87 12.25 11.21 13.79 12.74 14.50 11.30 13.24 15.72 11.37 6.77 11.14 12.83 15.81 9.15 4.82 N/A 5.12 11.39 7.20 4.25 
Moringa Oleifera Oil 5.27 3.56 2.93 5.11 5.62 5.84 4.30 4.51 3.37 2.67 3.20 3.17 2.86 1.93 3.11 3.12 3.25 6.13 1.92 8.35 N/A 3.74 1.45 1.65 1.48 
Castor Oil 1.38 3.50 1.87 1.57 4.08 2.48 1.19 2.69 1.00 1.67 1.07 3.55 3.26 0.85 0.90 0.87 0.77 2.50 1.28 3.37 N/A 3.62 0.85 1.41 0.72 
Clove Oil (spice) 1.32 13.15 13.40 1.32 1.26 1.87 1.12 1.23 1.20 1.19 1.32 0.86 1.26 1.08 0.75 0.52 0.39 0.89 0.45 1.08 N/A 0.83 0.56 0.50 0.44 
Vanillin 35.39 32.72 34.42 35.41 37.46 44.78 36.84 37.49 12.48 34.84 35.11 35.79 32.08 36.15 17.58 34.04 12.15 36.37 14.22 43.47 38.91 28.12 35.29 18.90 14.16 
Chrysin 16.44 16.51 16.46 16.44 15.98 12.99 16.43 16.05 16.54 14.95 13.77 11.79 14.83 13.75 11.34 13.80 11.30 12.05 11.28 11.57 11.49 10.82 13.73 11.29 11.34 
Sinapic acid 27.77 27.89 27.58 27.76 28.26 28.19 28.00 28.03 27.15 27.80 27.70 29.00 28.04 28.00 27.83 27.78 28.42 28.26 29.23 28.97 29.03 30.27 27.64 26.96 27.17 
Protocatechuic acid 17.79 17.94 18.59 17.77 16.92 14.13 17.34 16.66 15.57 15.07 14.68 14.81 15.06 14.22 14.65 14.44 15.07 14.66 15.13 14.33 18.30 12.58 13.77 14.25 13.66 
Palm Kernel Shell (bio-oil) 5.23 4.93 5.34 5.17 4.85 3.48 4.66 3.31 3.55 3.46 3.54 4.27 3.71 3.52 3.46 3.37 3.52 3.21 3.53 3.49 N/A 3.44 3.53 3.54 3.53 
Quinine 23.43 26.62 25.36 23.43 20.87 38.56 23.53 19.55 23.17 34.42 20.53 14.45 20.54 19.57 16.52 15.28 13.85 14.20 15.23 18.07 31.39 15.15 14.55 13.28 12.24 
Curcumin 5.89 11.68 11.34 5.89 4.36 5.49 5.85 4.06 5.79 3.82 4.32 2.94 4.08 4.12 2.28 4.21 2.64 3.73 1.64 2.64 2.79 1.62 3.92 2.59 1.98 
Green Coffee Oil 11.03 11.80 10.38 11.17 11.43 7.63 8.89 9.27 7.92 9.27 8.92 11.61 11.36 8.24 8.22 8.26 8.54 8.03 7.62 9.11 N/A 6.48 6.67 7.11 1.76 
Vitamin E Acetate 1.01 2.15 2.07 0.02 0.02 0.74 0.00 0.34 0.02 0.00 1.03 1.41 0.00 0.00 0.59 0.95 0.46 0.04 0.07 0.08 N/A 0.01 0.36 0.83 0.06 
Apple seed oil 31.61 34.77 31.44 31.69 34.46 19.70 29.54 32.32 11.22 13.58 22.92 29.20 15.18 22.54 11.84 22.48 11.59 35.10 11.58 14.40 N/A 15.08 22.32 11.71 10.94 
Red Palm Oil 41.12 41.83 42.06 41.12 30.64 29.97 41.01 14.43 40.12 10.47 19.17 14.89 10.52 18.33 17.15 10.94 11.97 10.61 11.17 9.92 N/A 9.77 10.60 10.03 10.51 
Arachis Hypogea Skin Oil 9.27 16.00 16.56 9.27 9.47 10.12 8.94 9.14 9.98 6.31 9.27 9.84 9.48 8.74 9.87 9.50 10.02 8.45 10.10 6.93 N/A 9.80 8.67 10.11 4.19 
Cinnamic acid 4.92 9.43 9.58 4.92 4.52 11.10 5.06 4.40 4.87 4.39 3.82 3.18 5.05 4.02 3.64 3.35 2.46 3.32 2.83 7.28 3.62 2.27 3.16 1.48 1.49 
Beta Karotene 11.45 28.17 27.57 11.68 13.59 10.85 10.57 8.25 11.20 8.04 11.25 5.93 10.13 10.48 10.90 9.68 4.99 7.88 4.59 36.01 45.24 5.35 9.28 10.00 7.39 
Paeonol (Peanut oil) 9.05 9.46 9.14 9.02 8.75 8.67 7.50 8.67 8.94 8.71 8.80 8.28 8.80 7.24 8.57 8.44 7.53 7.83 7.78 8.79 N/A 7.66 7.04 8.41 6.82 
Passion Fruit seed oil 10.75 9.75 10.04 10.58 9.23 9.48 9.69 82.92 9.65 10.17 9.60 9.72 9.58 10.58 9.41 9.31 9.62 8.03 9.03 2.32 N/A 3.01 9.19 9.22 0.60 
Quercus infectoria (oak) 4.44 5.57 5.69 4.45 4.24 3.47 3.23 3.77 4.28 3.66 3.59 3.79 3.61 1.92 3.23 3.52 3.32 3.44 2.14 1.78 N/A 1.64 1.63 2.61 1.62 
Pomegranate seed oil 10.56 10.46 10.63 10.55 10.49 5.29 8.54 8.61 5.34 8.61 4.47 8.54 8.64 4.83 5.05 1.48 3.68 3.83 3.53 8.60 N/A 8.54 1.50 1.52 1.25 
Roselle seed oil 12.39 14.48 14.87 12.46 12.42 12.37 11.59 12.44 12.74 12.69 12.42 12.60 12.93 9.47 12.47 12.17 11.50 11.00 10.39 1.60 N/A 4.29 8.38 10.86 4.38 
Laminarin 4.79 7.61 7.89 4.79 2.92 2.16 4.71 2.64 3.65 2.64 2.49 2.74 2.67 2.58 1.93 2.35 2.89 2.84 1.81 2.24 N/A 2.05 2.40 1.87 1.99 
Phosphatidylcholine 9.35 6.51 7.16 9.29 5.57 7.27 7.54 5.36 4.97 5.53 3.93 6.87 4.68 3.65 3.90 2.25 2.99 5.89 2.67 2.20 6.01 4.01 1.83 2.37 0.57 
Average AARD 13.91 15.48 15.27 13.57 13.18 13.56 13.12 12.85 11.92 11.05 11.18 11.29 11.12 10.50 9.56 9.98 9.39 11.60 8.42 10.18 17.17 9.47 9.15 8.48 6.57 
MIN AARD 1.01 2.15 1.87 0.02 0.02 0.74 0.00 0.34 0.02 0.00 1.03 0.86 0.00 0.00 0.59 0.52 0.39 0.04 0.07 0.08 2.79 0.01 0.36 0.50 0.01 
MAX AARD 47.97 51.00 49.34 47.94 49.16 93.03 43.25 82.92 58.51 50.07 48.30 45.74 51.53 42.79 59.15 49.17 58.53 59.17 58.42 44.56 55.72 67.65 44.37 60.33 44.37 
Number of Parameters 3 3 3 3 3 4 4 4 4 4 4 4 4 5 5 5 5 5 6 6 6 6 6 6 8  

1 Comparison is inapplicable as there is only one 8-parameter empirical model 
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5. Recommendations for future works 

To further facilitate the growth of the supercritical fluid industry, 
future research work with respect to solubility of bioactive compounds is 
recommended. In terms of solubility-predictive models, the majority of 
the comparative review were carried out to gauge the performance of 
density-based models as opposed to the more complex thermodynamic 
EOS models. In such circumstances, albeit the simplistic nature of the 
density-based models, it is ideal to carry out comparative studies on both 
density-based and thermodynamic EOS models. To date, review works 
on the performance of both models stated are scarce in literature. In 

addition, more research can be carried out to analyze the performance of 
ternary systems, where a co-solvent is added to SC–CO2. Moreover, as 
empirical models typically involve temperature, pressure, and density 
parameters, future research could study the possibility of incorporating 
the effects of molecular structure and polarity into the predictive 
modeling equations. Subsequently, this would encourage the use of 
molecular simulation as a qualitative modeling tool to gain an insight on 
the effects of molecular structure and polarity towards solubility in the 
supercritical systems. 

Fig. 6. Graphical representation of the difference between AARD of Adachi and Lu Model and Keshmiri Model.  

Table 9 
Minimum and maximum AARD for drug-based bioactive compounds.  

Drug compound MIN AARD (%) MODEL MAX AARD (%) MODEL 

Atropine 12.56 Belghait 20.41 Nejad 
Codeine 7.89 Jouyban 20.07 Khansary 
T1 11.96 Sodeifian 31.98 Gordillo 
T2 5.23 Jouyban 18.05 Bartle 
T3 6.80 Tippana-Garlapati 21.16 Bartle 
T4 18.09 Jouyban 28.33 Bartle 
Flurbiprofen 6.18 Jouyban 15.65 Bartle 
Aspirin 32.42 Del valle Aguilera 57.83 Gordillo 
d-Pinitol 22.02 Gordillo 142.09 Bartle 
Tridodecylamine 10.88 Belghait 20.41 Nejad 
Benzamide 2.37 Belghait 61.59 Modified Chrastil (2) 
Ketoprofen 5.34 Keshmiri 13.13 Jouyban 
Diclofenac Acid 4.06 Belghait 20.26 Gordillo 
Gabapentin 10.23 Belghait 18.76 Tippana-Garlapati 
Megestrol acetate 18.96 Khansary 26.02 Bartle 
Niflumic acid 0.86 Belghait 5.89 Tippana-Garlapati 
2,3,5,6-Tetrachloropyridine 1.93 Hozhabr 20.81 Tippana-Garlapati 
Aprepitant 7.58 Belghait 20.71 Chrastil 
Amiodarone Hydrochloride 6.20 Jouyban 18.37 Gordillo 
Warfarin 2.79 Belghait 18.35 Bartle 
Loratadine 10.81 Belghait 31.54 Tippana-Garlapati 
Letrozole 3.88 Belghait 26.97 Tippana-Garlapati 
Chloropropamide 2.75 Belghait 14.66 Khansary 
Toltbutamide 2.31 Belghait 15.12 Mendez-Santiago-Teja 
Cefuroxime Axetil 14.31 Tippana-Garlapati 64.83 Garlapati-Madras (i) 
Imatinib Mesylate 8.89 Gordillo 43.81 Chrastil 
Sorafenib Tosylate 5.75 Belghait 16.61 Bartle 
Sutinitib Mesylate 7.09 Tippana-Garlapati 25.33 Bartle 
ESM 7.98 Belghait 20.87 Gordillo 
Repaglinide Drug 8.77 Belghait 19.85 Chrastil 
Sertraline Hydrochloride 6.28 Jouyban 19.82 Tippana-Garlapati 
Azathriopine 4.72 Belghait 11.30 Gordillo 
Sodium Valproate 5.39 Belghait 17.56 Gordillo  
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